Introduction
The most obvious question a metapopulation biologist may expect to be asked is whether some species X is likely to persist, as a metapopulation, in some particular set of habitat patches Y. In the context of conservation biology, the set of patches Y is often a subset of a larger number of larger patches, and the ecologist is asked to predict whether species X, present in the current set of patches, would still persist if some patches were removed or their areas were reduced.
Current analytical models of metapopulation dynamics (e.g. Hanski 1985 Hanski , 1991 The purpose of this paper is to describe a minimalistic model which may provide guidance to quantitative questions about particular metapopulations. The approach is minimalistic in the sense that the number of parameters is curtailed to the minimum, and the information needed about species X is very limited, and of the type that is commonly available: presence/absence 'snapshot' data from a set of habitat patches in which the species occurs at equilibrium. A simple stochastic model is fitted to such data to estimate parameter values, which then allow numerical iteration of metapopulation dynamics in other systems of habitat patches. The present approach and models generalize previous l C, + Ei Our main task is to make practical yet sensible assumptions about how the extinction and colonization probabilities Ei and Ci depend on measurable environmental variables and on the life-history traits of the species.
EXTINCTION PROBABILITY
Let us assume that all the patches have the same quality and hence the same equilibrium density of species X. Recalling the assumption that local dynamics occur at a fast time scale in comparison with metapopulation dynamics, the size of the local population in patch i, if any exists, is directly proportional to the area of patch i, Ai. Because the extinction probability Ei typically depends on population size (Williamson 1981 where e and x are two constants. Ei equals unity for Ai equal to or smaller than elix, which gives the critical patch area, say AO, for which the local population has a unit probability of extinction in 1 year. Parameter x provides the flexibility to describe weaker or stronger dependence of the extinction risk on patch size and hence on population size. When x is large (>1), there is a range of patch sizes beyond which extinction becomes very unlikely, whereas if x is small (<1), there is no such critical patch size and even large populations in large patches have a substantial risk of extinction. Parameter x reflects the severity of environmental stochasticity (x decreases with increasing environmental stochasticity). It goes without saying that parameter x has considerable significance in population and conservation biology (Hanski 1992 ). If there is variation in habitat quality which is linearly related to population density, possibly after a suitable transformation, the simplest way to incorporate patch-specific habitat quality into the model is to replace Ai by 'effective' area Ai' for patch i with quality Qi. The 'effective' area is given by QlAilQ*, where Q* is the maximal habitat quality, scaled to equal unity.
COLONIZATION PROBABILITY
The colonization probability Ci is a function of the numbers of immigrants arriving at patch i per year, denoted by Mi. Here lie two difficulties. First, finding a reasonable and simple expression for Mi is not easy. Second, even if the size of the metapopulation, as measured by the fraction of occupied patches, remains relatively constant at equilibrium, patches switch from being occupied to being empty, and vice versa, and hence the flow of individuals to patch i varies, depending on exactly which patches happen to be occupied. I assume that year-to-year variation in Mi is, nonetheless, so small that it can be ignored and that equation 1, which assumes constant Mi, provides a good approximation. This approximation is unlikely to be misleading when the number of patches is relatively large, which is in any case a necessary requirement for the present modelling approach, and when the species is not very sedentary, in which case most immigrants would originate from a few nearby populations. I. Hanski Turning to the relationship between the colonization probability Ci and the number of immigrants Mi, I assume the following simple relationship,
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This function gives an s-shaped increase in the colonization probability from 0 to 1 with increasing numbers of immigrants. Parameter y determines how fast the colonization probability approaches unity with increasing Mi.
Note that equation 3 assumes interactions among the immigrants; if each immigrant would independently establish a new population with a constant probability, an exponential form would be appropriate instead of equation 3. Such interactions are likely to occur in most sexually reproducing organisms, and they give rise to the Allee effect which is the underlying rationale in equation 3. A more mechanistic description of colonization and extinction probabilities would be preferable, but the phenomenological expressions (2) and (3) are adequate for predictive purposes.
The most difficult task is to calculate Mi. It seems impractical to derive a formula based on actual movement behaviour of individuals. I will use the following more phenomenological approach, which is nonetheless related to the key elements that must be involved in migration, and which is similar to the formula successfully used by Adler This model may be fitted to empirical data on patch occupancy for a given value of ao and using pi as a dependent variable instead of the unknown Ji. The model is fitted with non-linear regression using maximum likelihood estimation (see legend to Fig. 1) .
To summarize the kind of data that are required for this model, one needs to know patch areas Ai, their spatial locations, to calculate the pairwise distances dij, the presence or absence of the species in the patches in the year of the survey pi, and the value of parameter ao, which sets the distribution of migration distances. The remaining parameters y', e and x are estimated using equation 6. In principle, one could estimate also the value of ao from the presence/absence data by fitting equation 6 for different values of ao and selecting the best-fitting value, but for two reasons a more preferable approach is to obtain an independent estimate of ao using, e.g. mark-recapture data. First, this will reduce the number of parameters that remain to be estimated from the presence/absence data. And second, it is important to check that migration is sufficiently restricted to make the metapopulation approach reasonable in the first place (note that even if individuals would completely redistribute themselves in each generation, contrary to what is assumed here, patch occupancy might still show an area and perhaps even an isolation effect). the parameters which describe colonization (cv and y') and extinction (e and x). In practice, however, parameter estimation with equation 6 may be expected to work only when the rates of colonization and extinction are not too high nor too low. The former case is discussed in the next section; here I describe a problem with low rates. When the colonization rate is low, for instance because emigration rate is low, it becomes impossible to obtain reliable estimates of y' and e independently. To see this, note that the denominator in equation 6 can be written as 1 + (Si2 + y '2)eI(Sj2Aix), which is approximately 1 + (y'2e)I(Si2Aix) when Si is small in comparison with y'. Table 1 gives two examples. The data for these examples were generated by assuming the patches in the Melitaea cinxia metapopulation, which will be analysed below in the section on butterfly metapopulations, and using equations 2 & 5 to numerically iterate metapopulation dynamics from an initial set of pi values. Data were obtained from generation 100, when the dynamics had reached an equilibrium state. Table 1 shows that in one case (Example A) parameter estimation was apparently successful, whereas in the other case it failed entirely. But in Example A the maximum likelihood function which was minimized in parameter estimation reached only a local minimum (Fig. la) . In both cases the problem lies in the low rate of colonization, which makes it impossible to distinguish among different combinations of y' and e. However, reasonably accurate parameter estimates can be obtained with extra information on population turnover. (Hanski 1992) . Melitaea cinxia has the smallest x value, which may reflect its biology: M. cinxia is the only species among the three species with gregarious larvae, which are expected to increase variability in population size (Hanski 1987) , as the survival probabilities of same-group larvae are to some extent correlated. The estimated value of y' is 0 for M. cinxia, suggesting that in this metapopulation colonization is very rapid and, taking the estimate y' = 0 at its face value, independent of isolation. The average degree of isolation was indeed low in this metapopulation, most local populations being located less than 300 m from the nearest occupied patch (Hanski et al. 1994) .
The values of e, x and y' were estimated by assuming that oc =2, which value is based on the results of an extensive mark-recapture study on M. cinxia . Table 3 shows that the values of the extinction parameters e and x were not sensitive to the value of o within a realistic range. The value of y' obviously depends on or. These results are encouraging, in view of the general difficulty of accurately estimating or.
Using the estimated parameter values, the critical patch areas Ao for which the per-year extinction probability equals one can be calculated. These values are in good agreement with the observed minimum areas of occupied patches ( Table 2) . As the equilibrium local population density is around 1000 butterflies per ha in M. cinxia and H. comma (Hanski & Thomas 1994 ), the Ao corresponds to population sizes of 2-15 adult butterflies. Taking further into account that, typically, only a third of adult butterflies are likely to be alive at the same time, these estimates of the critical minimum population sizes are in accordance with our expectations.
One may also calculate a prediction for the number of extinctions and colonizations in 1 year, starting from the set of occupied patches which was used to estimate the parameter values. These values can be compared with observed values in M. cinxia and S. orion, for which occupancy data are available for 2 years. The agreement is very good for S. orion, somewhat less good for M. cinxia (Table 2 ). In both species the predicted number of turnover events (colonizations and extinctions) is greater than the observed one, perhaps because the latter is affected by the rescue effect, which is not included in equation 6 (but see below).
Figures 2-4 show the patch areas Ai, isolations Si and patch occupancies pi in the three metapopulations, with the line JI = 05 drawn for the parameter values shown in Table 2 . Figure 5 shows the maximum likelihood function which was minimized in parameter estimation, against the value of e. In all cases the function reached a distinct minimum.
In all three metapopulations there are several small patches located close to large ones (Figs 2-4 The model predictions for Hesperia comma can be tested with another metapopulation of the same species, which has been expanding since 1982. Thomas & Jones (1993) describe how an improvement in patch quality in the 1970s was followed in the 1980s by an increase from three to 21 occupied patches in a system of 54 patches in 9 years. Assuming that the metapopulation from which the parameter values were estimated (Fig. 3) was at equilibrium, we may predict, with the present model, the expected increase in patch occupancy in 9 years, starting from the three patches which were occupied in reality in 1982. In 100 numerical iterations for 9 years, the mean number of occupied patches increased to 11-4 (SD = 1.2) in 9 years, with a maximum of 16 patches occupied. This is somewhat less than the observed 21 patches. On the other hand, the nine-parameter simulation model (Hanski & Thomas 1994 ) also predicted a lower mean number of occupied patches after 9 years (nine patches) than was actually observed. As both models used data from the metapopulation at equilibrium (Fig. 3) to predict the dynamics in the expanding metapopulation, a possible explanation of the difference between the predictions and observations is that, in fact, the metapopulation in Fig. 3 was not at equilibrium but was also expanding, though only slowly. Some observations support this conclusion (Thomas & Jones 1993; Hanski & Thomas 1994 ). On the other hand, the discrepancy may also reflect the general difficulty of deducing the rate of expansion into a network of empty habitat patches, which may be much affected by occasional long-distance migration, from the knowledge of equilibrium metapopulation patterns, which are mostly affected by short-distance migration.
Only single metapopulations of Melitaea cinxia and Scolitantides orion have been studied so far, hence no direct tests of predicted transient or equilibrium dynamics are yet possible. But recollect that equation 6 predicted quite well the minimum size of the occupied patches and the per-year turnover rate in these species (Table 2) . We may also produce predictions on e.g. how the equilibrium number of occupied patches would respond to a constant reduction in patch areas. Figure 6 shows the results of such calculations for M. cinxia. It is apparent that if the patch areas were reduced to less than 30% of their present areas, the metapopulation would go extinct. This prediction is compared, in Fig. 6, with I (Fig. 6) .
The difference in the predictions of the two models was expected. The nine-parameter simulation model describes local dynamics, and takes into account the fact that newly established local populations are typically small and hence more vulnerable to extinction than the respective populations at local equilibrium. The present models ignore local dynamics. Because these models were fitted to data on patch occupancy at equilibrium, the model predictions are expected to be valid for situations in which the population size distribution is comparable to that at equilibrium. In expanding metapopulations there are relatively more small populations than at equilibrium, and hence the model may underestimate the extinction rate and overestimate the colonization rate. This problem is more severe the higher the rate of population turnover; in other words, the more similar are the time-scales of local and metapopulation dynamics. To remedy this problem, local population growth has to be included in the model which, however, introduces at least one more parameter and makes the parameter estimation more complex (Hanski, unpublished) .
ERRORS IN PARAMETER ESTIMATION
The parameter estimates in Tables 2 & 4 (Fig. 7) . This is not surprising, because these are the patches with the highest turnover rate, and there happened to be relatively few patches in this region. Table 2 The unique feature of the present approach is that the models are based on ecological considerations and were developed in a population dynamic context. The advantages are twofold. First, the parameter estimates have a meaningful biological interpretation, which in itself may be helpful, especially in comparisons of several metapopulations of one or more species. Secondly, and more important, the parameter estimates allow numerical iterations of the dynamics of the species in any system of habitat patches, thus generating predictions that are potentially of substantial value. The applications are countless. For instance, one may evaluate the relative 'value' of different habitat patches to longterm persistence of a metapopulation; examine the expected consequences of different management practices using experiments of the type described in Fig. 6 ; ask whether a presently vacant system of habitat patches would be colonized by a species following ij _ntional introduction, and where exactly the initial propagule should be placed to maximize the probability of successful metapopulation establishment? That is the good news. The bad news is that as so little is required in terms of data, one would be unwise to make too grandiose claims about the performance of the model. There is no need to emphasize the caution with which predictions of simple models should be treated. But complex models also have problems, and the great advant- age of simple models is that their predictions are often easier to test and interpret than are the predictions of complex models. Furthermore, if the purpose is to compare, e.g. the consequences of two different changes in patch configuration, predictions based on the present model are likely to be qualitatively correct even if the quantitative predictions, especially about transient dynamics, might be somewhat in error. The present modelling approach is particularly attractive because it only requires presence/absence census data, a 'snapshot' of patch occupancy at one point in time, which is generally easy to obtain. However, this approach is not likely to yield reliable results if the number of patches is small, or if the species occupies nearly all, or is absent in nearly all patches; in which case there is little information about the effects of patch area and isolation on occupancy, and hence little information embedded in the patterns about the rates of colonization and extinction. I recommend that the number of patches should be at least 30, preferably more than 50; that the fraction of occupied patches at equilibrium should be >0-2 and <0-8; and that there should be ample variation in patch sizes and isolations. No definite criteria for the kind of data that are acceptable can be given, however, because the different features of the data have interactive consequences for model performance. Instead of applying the model mechanistically, it is necessary to guard for potential problems due to idiosyncratic patch configurations. It is also worth iterating the key assumption on which parameter estimation is based; namely, that the metapopulation is at a colonizationextinction equilibrium. Unfortunately, it may often be difficult to ascertain whether this assumption is met and, even worse, this assumption is unlikely to be valid for many endangered and declining species, for which one would wish to apply the model. In these cases the only possibility would be to locate a conspecific metapopulation at equilibrium elsewhere, or to use data on an ecologically similar species with metapopulations at equilibrium.
The only way to find out the real predictive value A model of metapopulation dynamics of a model is to test it with several sets of appropriate data. Although no ideal data for this purpose were available, the results on butterfly metapopulations described in this paper are encouraging. The results for the three species of butterfly were unexpectedly parallel, which raises the possibility that one could actually use one set of parameter values for these and similar species to generate rough predictions about particular networks of habitat patches and about particular metapopulations. Based on the present results, I suggest using for this purpose equation 8, which includes the rescue effect, with the following parameter values (patch areas in ha and distances in km): a =2, y' = 1, e = 0-01, andx= 1.
